Here, we describe the use of antibody-based proteomics involving the generation of protein-specific antibodies to functionally explore the human proteome. The antibodies can be used for analysis of corresponding proteins in a wide range of assay platforms, including i) immunohistochemistry for detailed tissue profiling, ii) specific affinity reagents for various functional protein assays, and iii) capture ("pull-down") reagents for purification of specific proteins and their associated complexes for structural and biochemical analyses. In this review, the use of antibodies for such analysis will be discussed with focus on the possibility to create a descriptive and comprehensive protein atlas for tissue distribution and subcellular localization of human proteins in both normal and disease tissues.
A great need exists for the generation of protein-specific antibodies to explore the human proteome (1, 2) . These efforts, usually denoted antibody proteomics, is here defined as the systematic generation and use of protein-specific antibodies to functionally explore the proteome. Affinity reagents can be utilized in numerous assay platforms ( Fig. 1) , including in vivo and in vitro protein profiling and for pull-out experiments to enable identification of interaction partners or posttranslational modifications (3, 4) . In addition, affinity reagents can be spotted onto microarrays for the detection of specific biomolecules in complex biosamples (5) or used for structural genomics efforts or studies of the biochemical function of specific proteins (6, 7) . In this review, we will discuss the issues and strategic alternatives for the generation of antibodies, including choice of antigen and advantages and disadvantages with different types of antibodies. The use of tissue microarrays to allow high-throughput tissue profiling will also be discussed, as well as the value of a comprehensive protein atlas for clinical and biomedical research.
GENERATION OF ANTIGENS
One of the main difficulties of high-throughput antibody generation is the production of sufficiently large amounts of protein targets for the generation of antibodies. There are three principally different types of protein antigen that can be generated, excluding genetic immunization, and those are: i) full-length proteins, ii) synthetic peptides, or iii) recombinant protein fragments. The full-length protein route usually involves the expression of the recombinant protein in various eukaryotic hosts to mimic the folding and posttranslation modification of the native protein (6) . Alternatively, the native protein is purified from an appropriate tissue by a series of biochemical unit operations. In some cases, but far from always, purified protein with native fold can be obtained, although the amount of protein is usually low as compared with the other strategies described below. It is interesting to note that the advantage of correctly folded antigens during immunization is not yet thoroughly investigated. It is not unlikely that, in many cases, native proteins are denaturated during the immunization procedure, i.e. the mixing with mineral oil for the preparation of Freund's adjuvance (8, 9) . The importance of generating a correctly folded protein, which is subsequently denaturated immediately prior to the immunization, could therefore be questioned.
The use of synthetic peptides as antigen represents a completely different strategy. The synthetic route is technically simple and large amounts of pure peptide can readily be made in a short time. The peptides are usually less than 40 amino acids and it is therefore not likely that native folded structures are obtained. This means that a large fraction of the obtained antibodies recognize a peptide in a form not present on the folded target protein. In addition, the linear epitopes exposed on small peptides might not be exposed on the surface of a corresponding protein and thus lead to nonfunctional antibodies in the subsequent assays. However, many examples of successful peptide antibodies have been generated in both the academic and the commercial sector (10) .
A third way to produce antigen is to generate recombinant protein fragments (11) . The use of protein fragments makes the cloning procedures much easier than for full-length proteins, because relatively short PCR fragments can be used. In addition, affinity tags can be used for the purification, which makes the purification procedure easy to scale-up and reliable for the generation of pure antigen. Since the introduction of affinity tags for purification of recombinant proteins more than 20 years ago (12) , a large number of tag systems are now available and the choice of system depends on factors such as the need for solubility and ease of purification (13) . The histidine tag system used for purification with immobilized metals (14) , such as Co or Ni, is the most frequently used system, partly because the affinity purification can be performed in buffers containing chaotrophic reagents, such as urea, which allows precipitated proteins (inclusion bodies) to be recovered (15) . The fact that only part of the protein is expressed makes it unlikely that fully folded structures are obtained, although careful selection of a fragment corresponding to a protein domain of structural integrity could increase the probability of generating a native configuration. Both the synthetic peptide and the protein fragment routes allow for selection of peptides or fragments with low homology to other proteins of the human proteome, enabling the use of the information from the human genome sequence to design epitope-specific antibodies with low risk of crossreactivity (16). Agaton et al. (11) showed that the selection of such unique regions of the protein called Protein Epitope Signatures Tags (PrESTs) 1 made it possible to design and produce recombinant protein fragments suitable for antibody generation, as exemplified by a pilot study using the genes of human chromosome 21.
In conclusion, there are three principally different ways to produce antigens for the generation of antibodies. Full-length proteins are the most likely to have a correct fold, although this strategy is often cumbersome with relatively low success rates for the combined expression and purification steps. The synthetic peptide strategy is rapid and convenient, but is generally limited to the generation of linear epitopes. The FIG. 1. The principle of antibody proteomics, defined as the systematic generation and use of protein-specific antibodies to functionally explore the proteome. The antibodies can be used for analysis of corresponding proteins in a wide range of assay platforms, including i) tissue profiling, ii) protein assays, and iii) as capture ("pull-down") reagents for purification of specific proteins and their associated complexes for structural and biochemical analyses. strategy with recombinant fragments combines ease of use with the potential to create conformational epitopes, but relatively often yields insoluble inclusion bodies in the recombinant host. The two latter approaches have the advantage of generating relatively large amounts of antigen, which allows for affinity purification of antibodies using the antigen as ligand. Availability of large amounts of antigen also facilitates subsequent quality assurance of antibodies, e.g. adsorption and binding assays to test for specificity and selectivity.
GENERATION OF ANTIBODIES
Currently, there are four major types of antibodies used for antibody-based analysis: i) polyclonal antibodies (pAb) made by immunization of an animal, such as rabbit, hen, goat, or rat; ii) monoclonal antibodies (mAb) made by immunization and screening of B cells from antibody-producing mouse (17, 18) or rabbit (19) cells; iii) recombinant antibodies (recAb) made through in vitro selection principles (20, 21) ; and iv) monospecific antibodies (msAb) generated from pAbs using antigen-specific purification (22) .
pAbs have the inherent advantage of multi-epitope binding, which makes them suitable for cross-platform assays involving proteins both in a native and denatured form. However, the specific antibodies in a pAb reagent (antiserum) usually constitute less than 1% of the total amount of antibodies. Thus, pAb produced by standard routes often show crossreactivity and lack of reproducibility upon re-immunizations with the same antigen, which makes these reagents less attractive as a renewable resource.
mAbs have a defined single binding epitope, which makes them attractive for diagnostic and therapeutic applications. mAbs are currently the most commonly used immunoreagents in diagnostic applications (23) . However, because monoclonal reagents recognize a single epitope of a protein, it is difficult to generate antibodies that can be used as single and defined reagents across whole platforms of functional and detection assays, where the proteins often are denaturated in different ways, such as with detergents or formalin. In addition, time-consuming screening is needed to generate mAbs, which render them less suitable for large-scale efforts. recAbs are usually selected by utilizing phage display technologies (21) , or other selection principles, such as ribosomal display (20) . Much of the in vitro selection technology has been based on recAb fragments, especially scFvs and Fabs (24) , but alternative protein scaffolds have also been used (25) . Nonproteinaceous binding ligands, such as the in vitro selected aptamers (26) , have also been successfully utilized for specific recognition of target molecules. These affinity reagents can be generated without the use of animals and recently attempts have been made toward proteome-wide production of recAbs by phage display (27) .
msAbs are generated from a polyclonal antiserum using the antigen as ligand (22) . A disadvantage is that the purification procedure is technically more challenging as compared with use of an antiserum consisting of nonpurified pAbs. However, the elimination of more than 99% of the antibodies directed to other, unknown epitopes results in an increased probability of obtaining a selective and specific antibody reagent. The affinity purification of pAbs on protein fragments with potentially many different epitopes often renders antibodies that are highly functional across a platform of different assays. An advantage as compared with mAbs and recAbs is that no screening is needed, which facilitates attempts to scale-up to whole-proteome applications.
In conclusion, each type of antibody has its advantages and disadvantages. The choice of antibody therefore depends on factors, such as the need for a renewable resource, ease of selection and screening, the need for use across several analysis platforms, and the possibility to use the antibody for routine diagnostics and therapy in patients. A summary of some of considerations related to choice of antibody class is shown in Table I with some comments on potential advantages and disadvantages for each class of antibodies.
ANALYSIS USING TISSUE MICROARRAYS (TMA)
Immunohistochemistry provides an important tool for in situ visualization of protein expression patterns in tissues and cells (28, 29) . The possibility to detect and localize defined proteins at tissue, cellular, and subcellular levels present a deeper insight into normal cellular functions and pathogenic mechanisms leading to different types of disease. The use of multiple biopsies or curettages in a single paraffin block has been utilized in surgical pathology procedures for several decades. Although several articles have been published describing improvements of methodology and usefulness in immunohistochemistry (30, 31) , multi-tissue blocks did not become a powerful tool in research until designated instruments were developed and the tissue array technology was standardized (32) . TMA technology now provides an automated array-based high-throughput technique, in which up to 1,000 of paraffin-embedded tissue samples can be assembled into one paraffin block in an array format (33, 34) . The diameter of the tissue sample cores is generally 0.6 -1.5 mm in diameter. From each TMA block, thin tissue sections can be cut and mounted onto glass slides, producing several hundred nearly identical slides (Fig. 2) .
The TMA technology allows investigators to use a single slide to conduct controlled studies on large cohorts of tissues using only small amounts of reagent. The source of tissue is only restricted by its availability in paraffin, and the small amount of tissue that is needed minimizes loss of unique and sparse tissues. As only limited amount of tissue is used in the TMA, individual heterogeneity is an issue that needs consideration. Several studies have compared the use of sections from whole tissue blocks with different number and size of tissue cores in the TMA format. The use of two to four cores, depending on design and content of TMA results in Ͼ95% accuracy and appears as a reasonable standard in TMA design (35) . The combination of immunohistochemistry and TMA technology therefore presents an attractive strategy for highthroughput, antibody-based tissue proteomics (36, 37) .
In a recent study, it was shown that high-throughput analysis of protein expression could be performed using a standardized set of TMAs containing both normal human tissues and various types of cancer (38) . For representation of normal tissues, a set of 48 different tissues was selected from the human body. Tissues were selected to comprise the wide variety of phenotypes found within the human body, and all major organs and tissues were included. The selection was partly based on availability of surgical material, i.e. highly specialized tissues, e.g. eye, ear, spinal chord were not included due to lack of tissue resources. One tissue core from three different individuals was assembled for each of the selected 48 normal tissue types (Fig. 3) . When applicable, the triplicate samples represented different sex and age. In this manner, protein expression patterns were thus analyzed in tissue spots from 144 different individuals for each tested antibody.
A similar approach was also used to analyze protein expression patterns in human cancer (38) . Malignant tumors are classified into different cancer types, mainly based on localization of primary tumor and phenotypical characteristics. New molecular biological tools have recently altered the classical diagnostics resulting in a modified classification, based on mutation analysis and protein expression patterns, for certain types of cancer (most evident for hematological malignancies). The TMA format is ideal for assembling samples from numerous individual tumors within each separate cancer type. Cancer TMAs including a reasonable amount of individual tumors representing the most common types of cancer allow for a primary screening of protein expression patterns of potential importance in cancer development. A schematic overview showing the 216 unique tumors that were analyzed for each antibody is shown in Fig. 4 . Screening for tumorassociated protein expression profiles provides a tool for basic cancer research as well as a foundation for more indepth studies with the aim of finding new and improved diagnostic and therapeutic agents. The presented approach is possible to scale-up and can be used for whole-proteome efforts, provided that an adequate number of specific antibodies are available.
As an example of the use of cancer TMAs, some representative images obtained for an antibody generated to a member of the ALEX family of proteins (ALEX3 protein) is shown in Fig.  5 . The ALEX proteins may play a role in tumor suppression, and the encoded protein contains a potential N-terminal transmembrane domain and a single Armadillo (arm) repeat (39) . Other proteins containing the arm repeat are involved in development, maintenance of tissue integrity, and carcinogenesis. This gene is localized together with other family members on the X chromosome. Three transcript variants encoding the same protein have been identified for this gene. When staining cancer TMAs including 216 different individual tumors with an antibody generated toward this protein, a subset of cancer types showed a strong positive staining (Fig. 5) . Interestingly, this antibody stained a majority of the hepatocellular carcinomas, a subset of ovarian carcinomas and only rare other tumors, e.g. 1/12 malignant melanomas. In the TMA containing normal tissues, this antibody showed exclusive positive staining in liver, testes, brain tissues, and rare cells in the GI tract (data not shown). The example shows that staining patterns in normal and disease tissues can be rapidly screened for every protein in which a specific antibody is available. Potential biomarkers for disease can thus be identified in a systematic manner and immunoassays can be designed for further validation in relevant patient cohorts.
It is also possible to generate arrays to study protein expression from in vitro cultured cells or cell samples from patients and sections from such a cell-TMA block can be used for immunohistochemistry (40, 41) . The advantage of analyzing immunoreactivity in a single layer of dispersed cells, without the complexity of different cell populations and matrix background, includes a possibility to employ automated image analysis systems. Standardized image analysis algorithms would allow for more objective measures of qualitative as well as quantitative parameters. Furthermore, utilization of cell lines in TMAs facilitate a comparative analysis of transcription and protein expression using immunohistochemistry combined with image analysis and cDNA-array technologies. Cell-TMAs are also advantageous to study hematological malignancies, for which there are readily available cell aspirate samples as well as a multitude of established cell lines. A considerable amount of data including genotype, transcription profiles, protein expression, and phenotypic characteristics have been published for available and well-characterized cell lines, representing different stages of lymphoid and myeloid differentiation.
An issue for the analysis of tissue profiles is the choice between fluorescence-or enzyme-based immunohistochemistry. The enzyme-based method is sensitive, easy to automate, and allows a rudimentary analysis of intracellular localization. However, the fluorescent-based methods can be used for detailed subcellular analysis and three-dimensional reconstruction of the cell can be done using confocal microscopy (42) . It is thus possible to discriminate not only between nuclear, cytoplasmic, and membrane-bound localization, but also to determine proteins expressed in mitochondria, nucleoli, nuclear membrane, etc. In addition, fluorescent methods facilitate comparative localization studies because multiple dyes, which enable several proteins to be analyzed simultaneously, can be used.
A major benefit of using TMA technology for expression profiling of tissues is the ease of automation. Collection of tissues including production of TMAs and immunohistochemistry is fairly labor intensive, whereas slide scanning with subsequent image processing can be automated to a large degree (43) . Various commercial software and hardware employing different technologies for scanning tissue sections on glass slides have recently been developed, yet comprehensive publications are sparse. One major advantage is that cumbersome and time-consuming handling of glass slides and evaluation in the microscope is avoided through the generation of digital data. Digital images allow for high-throughput analysis including rapid distribution over networks. Digital images can be viewed and scored using conventional web-based tools, i.e. virtual microscopy coupled to a database, facilitating easy access to both image and data.
A PROTEIN ATLAS FOR TISSUE PROFILES
One important objective for clinical proteomics is to generate a protein atlas displaying expression and localization patterns of proteins in all or most human tissues and organs (37, 44) . Such a protein atlas would function as a knowledgebase with regard to the structural and temporal expression of the   FIG. 3. A schematic figure showing an example of a TMA representing normal tisssues. Surgical specimens, representing a large variety of organs and tissues listed in the figure were selected by Kampf et al. (38) human proteins in various cells and tissues. Using the TMA approach described above, it is possible to generate a large number of digital high-resolution images corresponding to normal and cancer tissues and then display them using a conventional web-based database. In this manner, a protein atlas displaying tissue expression and localization can be developed for each protein with an available specific antibody. However, the file size of high-resolution images representing whole tissue spots is a challenge and it is probably necessary in most cases to compress the large image sizes to enable a web-based interface. For example, an original TIFF image representing a 1-mm core can be reduced from 50 Mbytes to 1 Mbyte using JPEG compression, without detectable impairment of image quality as viewed on an ordinary screen (Ponten and Uhlen, unpublished). Due to their smaller size, the JPEG files are suitable for web-based applications, while the original TIFF files can be saved as primary data to allow future analysis of the image contents using sophisticated image analysis algorithms.
To ensure a high quality of analysis, it is most likely necessary to use a trained pathologist for evaluation of immunoreactivity and annotation of the protein expression (45) . One challenge is the lack of positive controls when analyzing patterns of immunoreactivity generated by antibodies directed toward proteins of unknown function. Basic requirements for such staining include sufficient signal-to-noise ratios and low background staining. Although there are several approaches to deal with issues concerning sensitivity and specificity, the experience of a trained pathologist for distinguishing "true" staining patterns should not be underestimated. The inherent complexity of tissue structure often includes several different cell types in addition to the compound of biomolecules that form the matrix in which cells grow and differentiate. The composite cell populations act in concert to execute normal organ function. A tissue section from any normal organ will thus contain cells with distinct and different phenotypes, including differences in immunoreactivity for various antibodies. In certain tissues only a minority of present cells determine a specific function of a defined tissue, e.g. islet cells in pancreatic tissue or glomerulus cells in kidney tissue. Other tissues contain clandestine populations of cells with important functions that supplement main organ function, e.g. antigen-presenting Langerhan's cells in epidermis (skin).
For a coherent assessment of protein expression profiles, the level of detail for a sufficient analysis can be debated and is at large determined by the time required for each annotation. For high-throughput tissue profiling, time for annotation is an important and limiting factor. A reasonable resolution for analysis most likely includes the major cell types that comprise a defined normal tissue, e.g. for cerebellum i) Purkinje cells, ii) cells of molecular layer, and iii) cells of granular layer and for uterus i) endometrial gland cells, ii) cytogenic stroma cells, and iii) myometrial smooth muscle cells. Regardless of chosen strategy for annotation, a database containing highresolution images of premium tissue sections stained with val- idated antibodies will enable refined analysis at the cellular and partly subcellular level. Such images would also provide excellent templates for future automated image analysis systems.
RELEVANCE FOR CLINICAL PROTEOMICS
Antibody-based tissue profiling allows a streamlined approach for generating expression data both for normal and disease tissue. It is also possible to generate data on many different individual patients to evaluate heterogeneity of tissue profiles. The correlation between genotype and phenotype is still poorly understood and presents a critical challenge to functionally explore mechanisms underlying normal development and disease (46) . The phenotypical appearance as seen in a tissue section is evidently based on pattern of expressed proteins within a cell as well as composition of the surrounding micro-environment. Antibody-based tissue profiling is therefore an important complement to transcript profiling for analysis of clinical material. As large amounts of data is generated through use of micro-array technologies (47) , there is an increasing demand to validate and compare transcription profiles with protein expression profiles in various normal as well as diseased tissues. The tissue profiling provides a basis for validation of up-and down-regulated genes and subclassification of different cancer types. Several examples exist where differences in transcription profiles have suggested that cancer types as defined through conventional histology includes several subtypes with differences in behavior, prognosis, and sensitivity to therapy, e.g. breast cancer (48, 49) . One could therefore envision the development of specific antibody panels as tools for diagnostic and prognostic information in given types of cancer. Immunohistochemistry allows for an enhanced understanding of morphology as it adds important information based on specific immunoreactivity in defined cell populations. Today in clinical medicine, analysis of immunohistochemical profiles as well as mutation analysis and levels of transcription can add important information regarding prognosis and choice of treatment for certain forms of cancer.
It is also possible to use the antibody-based proteomics to analyze other clinically important diseases where tissue and cell functions are impaired, provided that clinical material can be obtained in sufficient amounts. Degenerative, cardiovascular, metabolic, infectious, and neurological diseases as well as monitoring organ transplantation provide examples suitable for antibody-based tissue profiling. The possibility to use archival material consisting of paraffin-embedded biosamples is advantageous not only for screening for expressed profiles but also in studies where patient data coupled to specific tissues are included, e.g. scrutinizing biomarkers relevant for survival, response to therapy, etc.
HOW LARGE IS THE HUMAN PROTEOME, ANYWAY?
A relevant question for efforts to generate a comprehensive collection of antibodies is how large the human proteome is. The estimated number of proteins, protein variants, and isoforms in the human proteome can vary considerably with numbers ranging from tens of thousands to over several million proteins. To clarify this point, we have in Table II listed different ways to classify the proteins with accompanied estimates of the approximate number of human proteins within each class. As can be seen in this list, the number of proteins in the proteome is significantly related to the definition of the protein class.
First, the nonredundant set of proteins has here been defined as a single representative protein from every gene locus. At present, the human genome contains ϳ22,000 -23,000 genes, although the estimated number is still changing on a monthly basis (www.ensembl.org). Thus, the nonredundant set of proteins in the human proteome is probably between 20,000 and 25,000. On the other hand, if one includes all the protein variants generated by RNA splicing or specific proteolytic processing, the number of protein isoforms rapidly increases. Splicing is a common phenomenon and frequently gives rise to different forms of the same protein, often through events linked to a targeting of the protein variants to different compartments of the cell (50) . Site-specific proteolysis is particularly common in the processing of preproteins of neuropeptides, but has also been shown to be involved in the maturation of proteins, such as the cleavage of the C-peptide from the proinsulin molecule to create functional insulin and C-peptide (51) . The estimated number of protein variants represented by splicing and proteolysis is still unknown, but the number might be between 50,000 and 500,000.
Another form of proteolysis is the degradation of proteins, such as the ubiquitin-mediated degradation of proteins (52) . The degradation of functional proteins into amino acids yields, most likely, many millions of short-lived, intermediate products. These are, however, in most cases not functional and will be disregarded here. Another form of variation in the human proteome is the combinatorial variants created by somatic rearrangement in cells involved in the immune system. A well-known example is the immunoglobulin G (IgG) molecule, which is created by rearrangement of the two separate genes coding for the heavy and light chains. The number of different IgG molecules in a human individual is probably more than 10 million molecules all with different complementarity-determining regions and thus different binding properties. The T cell receptor represents another protein class with similar combinatorial variation. Thus, all human individuals carry several tens of million combinatorial protein variants.
A different type of protein isoforms is the protein species represented by posttranslation modifications (PTM), such as glycosylation, acetylation, phosphorylations, etc. (3, 4) . Glycosylation is common for the fraction of the proteome, which is secreted to the endoplasmatic reticulum. The phosphorylation of proteins is a biologically important process and in many cases determines if a protein is active or not. The number of protein species represented by different PTMs is not easy to estimate, partly because glycosylation is a stepwise process and it is a matter of definition if also the intermediate forms of the proteins should be included in the size estimate. Finally, genetic differences between different individuals give rise to different forms of the protein. Recent studies have estimated that each gene has in average four coding single nucleotide polymorphisms defined as genetic variation that give rise to amino acid differences in more than 1% of the population (53) . If the estimate of the number of genes is close to 25,000, the estimated number of variants, here called protein alleles, should thus be around 100,000.
In summary, the structural space of the proteome including combinatorial variants and various protein isoforms is many tens of millions molecules. For the study of the proteome, it could be argued that the primary objective of an antibodybased proteomics effort should be to generate a uniform set of antibodies for the nonredundant set of proteins, which is probably between 20,000 and 25,000 molecules. If these antibodies are generated to parts of the protein shared by the different isoforms, they could be used to subsequently study the various isoforms using antibody-specific "pull-downs" followed by biochemical studies, in particular with MS. These antibodies should enable all isoforms to be affinity purified for further analysis with a single antibody reagent.
CONCLUSIONS AND PERSPECTIVES
The possibility to map and understand the proteome of different organisms has increased greatly with the sequencing of a large number of genomes, including the human. The knowledge of the genetic code offers new opportunities to explore function and communication within the proteome. In this review, we have focused on an antibody-based proteomics strategy that can be used to systematically explore clinical samples using a standardized set of tissue microarrays. The approach appears possible to scale up involving tissue profiles representing tens of thousands of antibodies. If specific antibodies on a proteomic scale can be generated within the framework of various international efforts, a comprehensive protein atlas for a large part of the human proteome is within reach.
